Chromosomally-mediated reduced susceptibility to ciprofloxacin narrows the therapeutic options in enteric fever. We made a molecular comparison of clinical isolates of fluoroquinolone-resistant strains of Salmonella enterica serotype Typhi from January 2001 to May 2003; 178 isolates were subjected to antimicrobial susceptibility testing by the Kirby-Bauer method of disk diffusion, and agar dilution was used to determine the minimum inhibitory concentration (MIC) to ciprofloxacin. Nalidixic-acid resistant strains (NARST) were observed in 51% of the isolates, of which 98.9% had decreased susceptibility (MIC≥ ≥ ≥ ≥ ≥0.125-1μ μ μ μ μg/mL) to ciprofloxacin. A single strain (4 μ μ μ μ μg/mL) was resistant to ciprofloxacin and double mutations were found in the gyrA gene (76 Asp→ → → → →Asn, 44 leu→ → → → →Ileu). Among seven NARST strains with reduced susceptibility, a single mutation was found in five strains, one of which had 76 Asp→ → → → →Asn and two each had mutations at 87 Asp→ → → → →Asn and 72 Phe→ → → → →Tyr, respectively); no mutations could be detected in two isolates. Routine antimicrobial surveillance, coupled with molecular analysis of fluoroquinolone resistance, is crucial for revision of enteric fever therapeutics.
The antibiotics that have been traditionally incorporated into the therapy of enteric fever have been ampicillin, chloramphenicol, sulfamethoxazole-trimethoprim and tetracycline. However, with the evolution of plasmidencoded multi-drug resistance (MDR) to these drugs in the 1970s and 80s, ciprofloxacin was introduced as firstline therapy for Salmonella enterica serotype Typhi and Paratyphi A [1] .
Subsequently, nalidixic acid resistant S. Typhi (NARST) with decreased susceptibility to ciprofloxacin (0.125-1 μg/ L), causing therapeutic failure, emerged worldwide and has become endemic in the Indian subcontinent [2] . Molecularly, this was attributed to a single mutation in a quinolone resistance-determining region (QRDR) of gyrA. Resistant isolates harbor two or more mutations in gyrA or gyrB or topoisomerase (parC and parE). Other mechanisms, such as multi-antibiotic resistance associated efflux pumps (MAR locus), bacterial permeability, qnr plasmid and up/down regulation of operon genes, have been demonstrated recently [3] [4] [5] . There have been isolated reports of ciprofloxacin resistance in S. Typhi, from India [6] [7] [8] and elsewhere [9] . Nonetheless, high-level fluoroquinolone resistance in non-enteric fever salmonellae is frequent, with MICs ranging from 16-64 μg/mL [10] [11] [12] . Molecular analysis studies of fluoroquinolone resistance or decreased susceptibility in clinical isolates of S. Typhi are relatively scarce from India [6, 13] . We examined the incidence of NARST, decreased susceptibility to ciprofloxacin and made molecular analyses of these strains.
Materials and Methods
The study was conducted in a 1,700-bed referral hospital in New Delhi over a period of sixteen months (January 2001 -May 2003). One-hundred-seventy-eight isolates of S. Typhi from suspected enteric fever patients were identified by biochemical reactions and serotyping with specific antisera (Central Research Institute, Kasauli, India). The antimicrobial screening of the isolates was done by the disk diffusion method of Kirby Bauer on Mueller Hinton agar using, ampicillin (10 μg), chloramphenicol (30 μg), trimethoprim/sulfamethoxazole (1.25/ 23.75 μg), nalidixic acid (30 μg), ciprofloxacin (5 μg), ceftriaxone (30 μg), cefixime (5 μg) and cefepime (30 μg). The MIC for ciprofloxacin was determined with the agar dilution method. Interpretive criteria for sensitive, intermediate, and resistant strains was ≤ 1 μg/mL, =2 μg/mL, ≥4 μg/mL, respectively, in accordance with CLSI guidelines [14] . Decreased susceptibility to ciprofloxacin was defined as strains having MIC ≥ 0.125 μg/ mL but ≤ 1 μg/mL. The control strain was E. coli ATCC 25922. Antimicrobial disks and antibiotics used in the study were purchased from Hi Media laboratories, India.
Polymerase chain reaction (PCR) amplification and direct DNA sequencing of QRDR regions (gyrA, gyrB, parC, parE genes) were performed as described by Giraud et al. [15] , with an ABI prism dye terminator (Perkin-Elmer, Applied Biosystems, Foster city, California, USA) on an ABI 3730 automated sequencer.
The known-sequence genes were used for designing primers. Oligonucleotide primers used for PCR assay were:
The amplified PCR products of eight strains of S. Typhi that showed decreased susceptibility/resistance to ciprofloxacin were sequenced; four isolates of NASST were also sequenced. Nucleotide and deduced amino acids were analyzed, using Sequence Navigator Software, followed by blast at the National Center for Biotechnology Information website (http://www.ncbi.nlm.nih.gov/blast).
The qnr plasmid was detected [4] using primers 5' GGG TAT GGA TAT TAT TGA TAA 3' and 5' CTA ATC CGG CAG CAC TAT ATA 3'.
Results
The disk diffusion method revealed the following resistance pattern: ampicillin 57 (32%), chloramphenicol 73 (41.4%), trimethoprim / sulfamethoxazole 57 (32.1%), nalidixic acid 91 (51%), ciprofloxacin 1 (0.6%), ceftriaxone 1 (0.6%), cefixime 0 (0%), and cefepime 0 (0%). Multidrug resistance (ACCo) was seen in 32% of the isolates.
Agar dilution MIC testing of S. Typhi against ciprofloxacin is shown in Table 1 . The MIC 90 for ciprofloxacin was 0.125 μg /mL. A single strain was resistant to ciprofloxacin (4 μg/mL). Nalidixic-acid resistant S. Typhi (NARST) was observed in 51% of the isolates, among which 98.9% had decreased susceptibility (MIC ≥ 0.125-1 μg/mL) to ciprofloxacin. Seven, randomly selected isolates of NARST and the only ciprofloxacin resistant isolate of S. Typhi were molecularly analyzed. In the ciprofloxacin resistant strain, double mutations were found in the gyrA gene (76 Asp→Asn, 44 Leu→Ileu). Out of 7 NARST, a single mutation was found in five strains (one isolate with 76 Asp→Asn; two each with mutations at 87 Asp→Asn and 72 Phe→Tyr) and no mutations were found in two isolates of NARST. The MICs of these isolates and their molecular analyses are depicted in Table 2 . Nalidixic-acid-susceptible S. Typhi (NASST) had MICs ranging from < 0.0313-0.063 μg/mL, and the gyrA mutation was not observed (Table 1) .
Discussion
Multi-drug resistance (ACCO) was observed in 32% of the strains. Currently, the incidence of MDRST varies from 25%-55% in India [16] . Some studies have reported higher rates (65%) from abroad [17] . Since 2000, a re-emergence of sensitivity to the classical first-line agents has been observed, due to their restricted use in the "ciprofloxacin era" of the 1990s. There has been a concomitant decrease in susceptibility to ciprofloxacin and nalidixic acid in this region [13, 18, 19] .
The incidence of NARST was 51%. Other researchers from India have reported incidences varying from 47% to 100% [13, 18, 19] . However, in developed countries, NARST incidence has been reported to be much lower (0%-17%) [17, 20] . In our study, a single strain (0.6%) of S. Typhi was found resistant to ciprofloxacin at 4 μg/mL. This strain was isolated from a patient [21] . Most of the NARST (98.9%) had decreased susceptibility to ciprofloxacin (MIC ≥0.125 μg/mL). Several workers have corroborated this finding abroad [3] and in India [19] . The use of CLSI breakpoints of resistance to ciprofloxacin in S. Typhi at ≥ 4 μg/mL has been suggested to obscure the true occurrence of resistance. There have been recommendations that the MIC cut-off should be reduced to ≥0.125 μg/mL for redefining resistance [3] . Recent literature demonstrated isolated reports of ciprofloxacin resistance in S. Typhi, from India and elsewhere [7] [8] [9] . Selective pressures exerted by over prescription of drugs, easy availability, use of spurious antimicrobials, overuse in veterinary medicine, etc., may make such isolates more common in the future.
Table1. Agar dilution MIC of S. Typhi to ciprofloxacin
We identified a novel replacement in the gyrA gene at 76 Asp→Asn and 44 Leu→Ileu, which conferred a resistant MIC level of 4 μg/mL. These types of gyrA mutations have not been observed previously in S. Typhi, S. Paratyphi A, other salmonellae or E. coli. [3, 4, 12, 15, 20, 22, 23] . Due to the paucity of sequencing data of isolates of S. Typhi clinically resistant to ciprofloxacin, such substitutions could not be compared; however, they may appear in future. Single 87 Asp→Asn substitution in gyrA of two NARST strains is a common association reported with NARST [3, 12, 20] . Nonetheless, the single mutations seen in a NARST isolate at 76 Asp→Asn were hitherto unknown [3, 12, 13, 20] . However, there is a single report of 72 Phe→Tyr substitution in S. Seftefberg, in combination with 83 Ser→Phe [10] .
As mutations were not found in two NARST strains, other possibilities, such as other mechanisms, including efflux pumps, plasmids, etc, involved in quinolone resistance can not be ruled out in our study.
In India, which has a large reservoir of NARST strains that are converting to quinolone resistance, treatment failure with quinolones is now the norm. The first-line antimicrobials need to be revisited. The third and fourth generation cephalosporins are treatment alternatives, although resistance [24] is gradually surfacing to these drugs. A larger study with multiple isolates showing resistance to ciprofloxacin conferred by multiple mutations, and their subsequent epidemiological typing, is required to confirm clonal vis-à-vis de-novo mutation. However, detection of isolates with decreased susceptibilities towards fluoroquinolones is crucial, as these are capable of becoming highly resistant in the near future. The finding of gyrA mutations is a serious concern and beckons continuous monitoring of fluoroquinolone resistance in S. Typhi for determining effective treatment policies.
